Two hundred and seventy six mulberry juice samples were analyzed by high-performance liquid chromatography with diode-array detection quadrupole time-of-flight tandem mass spectrometry to identify the major polyphenols in the representative mulberry fruit cultivar Da10. Using FRAP, ABTS, and DPPH assays, total phenolic contents and antioxidant capacities of 276 mulberry juice samples from four provinces in China were found to be within the following ranges: 412.55-1471.86 mg/L gallic acid equivalent, 37.90-361.75 mmol/mL ferrous sulfate equivalent, 46.12-342.13 mmol/mL Trolox equivalent, and 7.30-216.41 mmol/mL ascorbic acid equivalent. Cluster analysis separated the cultivars into two groups. One group consisted of samples from Guangdong, Guangxi, and Hainan Provinces, which had high phenolic contents and antioxidant capacities. The other group consisted of samples from Xinjiang Province, which had low phenolic contents and antioxidant capacities. Antioxidant activity and phenolic content were correlated. Flavonoids were the main polyphenols of "Da10". In addition to free phenolic compounds, various bound phenolic compounds were identified. This work provides a large dataset characterizing different mulberry cultivars for deeper research. "45-7", "qianshan3" and "guox-uan04-129" were superior cultivars based on their high phenolic contents and antioxidant capacities. The results of this study support further research into mulberry use in human food and healthcare industries.
Introduction
Fruits make up a large horticultural group that includes many species and numerous cultivars, genotypes, accessions, etc., occurring in most parts of the world in cultivated, semi-wild, and wild states. Species within each of these three states are important genetic sources of biodiversity, which support the diverse array of life on earth. [1] [2] [3] [4] [5] Wild black mulberry is a valuable resource in medicinal chemistry, gaining importance for its potential to prevent and treat diseases. [6] Mulberry (Morus, Moraceae) grows across an extensive range of climatic, topographical, and soil conditions. [7] There are 24 species of Morus, and 1 subspecies. Most mulberry species were discovered in Asia, especially in China (approximately 24 mulberry species and more than 1,000 cultivars). [7, 8] Morus atropurpurea Roxb.; a promising fruiting genotype, has been cultivated widely in southern China. In commercial production, the growing period of mulberry fruit (MorusatropurpureaRoxb.) takes only 25 to 30 d, which is relatively short compared with other fruits. [9] Mulberry fruits are increasingly popular with consumers because of their unique flavor, and nutritional and medicinal values. [10] Mulberry fruits are eaten in various forms, including fresh, or processed into jams and juices. [7, [11] [12] [13] Juices are a common berry product, and the pulp fractions of berries are good sources for extraction of phenolic compounds, which have positive effects on human health. [14] Polyphenols are present at high levels in mulberry fruit, and play important roles as active antioxidants. [15, 16] Polyphenols, complex secondary metabolites containing phenolic hydroxyl groups, are widespread, and responsible for the antioxidant capacities of fresh fruits and vegetables by which they are thought to lower the risk of many chronic diseases, such as cardiovascular disease, diabetes, and cancer. [17] [18] [19] Thus, polyphenols are beneficial for human health. Humans consume, on average, 1 g of phenolic compounds per day. [20] The main groups of phenolic compounds are phenolic acids, flavonoids, coumarins, tannins, lignans, stilbenes, and quinonoids. [21, 22] A knowledge of the phenolic contents of mulberries is of great theoretical value, and is therefore worthy of research. Interest has grown rapidly in investigating the health benefits of phenolic compounds, and their abilities to mitigate oxidative stress in humans. [23, 24] The characteristics of the phenolic compounds in mulberries have been previously studied, but only in a few cultivars, including "Da10", "Taiwan 1 hao", and "Yue74". [9, 25, 26] There are at least 1,000 mulberry cultivars. [8] Little attention has been given to other mulberry cultivars. Different mulberry cultivars are significantly different in chemical composition, nutritional value, and antioxidant activity. [11] Hence, in this study, 276 mulberry cultivars were evaluated to determine the variability in their total phenolic content (TPC) values and antioxidant capacities, to inform future development and utilization of mulberry-based products, and help farmers choose cultivars and better understand their mulberries' harvest time. A representative mulberry fruit cultivar, Da10, was analyzed by highperformance liquid chromatography with diode-array detection quadrupole time-of-flight tandem mass spectrometry (HPLC-DAD-Q-TOF-MS/MS) to determine its polyphenol profile, and quantitate individual phenolic compounds in both free and bound forms.
Materials and methods

Mulberry fruit preparation
This study selected 276 mulberry varieties found in China for characterization of their polyphenol content. Of these varieties, 240 were collected from Guangdong Province (22°06′N, 113°3′E), 21 from Guangxi Province (22°13′N, 107°45′E), 9 from Hainan Province (20°05′N, 110°20′E) and 6 from Xinjiang Province (43°50′N, 87°37′E). All mulberries tested in this study were germplasm resources of M. atropurpurea Roxb., except for six from Xinjiang Province that were hybrids of M. atropurpurea Roxb. and M. alba L. These are all preserved in the South China Branch of the National Mulberry Germplasm Resources Bank, and were grown under the same conditions in Guangzhou, Guangdong Province, and were harvested in May, 2014-2015. Approximately 200 g of mature disease-free mulberries were selected and milled through a 100-mesh double-layered sieve. Filtrates were stored at −40°C for later use. Then, 1.0 g of the aforementioned filtrates was mixed with 9.00 mL of 50% alcohol solvent. Each mixture was centrifuged at 3,000 × g for 30 min. Supernatants were filtered, and filtrates were preserved at −40°C until use.
Chemicals and reagents
2,4,6-Tri(2-pyridyl)-s-triazine(TPTZ), Trolox, 2,2ʹ-amino-di(2-ethyl-benzothiazoline sulfonic acid-6) ammonium salt (ABTS), 2,2ʹ-diphenyl-1-picryl-hydrazyl(DPPH), potassium persulfate,2 mol/L Folin-Ciocalteu reagent, and gallic acid were purchased from Sigma-Aldrich Chemical Co. (Shanghai, China). HPLC-grade acetic acid and acetonitrile were purchased from Thermo Fisher Scientific Co. (Shanghai, China). Water was purified using a Milli-Q system. Other chemicals used were of analytical grade.
Determination of total polyphenol content (TPC)
The TPC of mulberry juice was analyzed using the Folin-Ciocalteu colorimetric method described previously by Fu. [27] Briefly, 500 µL of mulberry extracts were mixed with 2.50 mL of 0.2 mol/L Folin-Ciocalteu reagent. Four minutes later, 2.00 mL of aqueous sodium carbonate solution was added to each sample. The mixtures were incubated at room temperature for 2 h, and absorbance was measured at 760 nm. Known concentrations of gallic acid were used to establish a standard curve. The results were expressed as mg/L gallic acid equivalent (GAE).
Determination of antioxidant capacities by ABTS assay
Antioxidant capacities were determined using an ABTS assay according to the method described by Fu. [27] Five mL of 7 mM ABTS solution (0.0192 g of ABTS in 5.00 mL distilled water) was mixed with 5 mL of 2.45 mM potassium persulfate (K 2 S 2 O 8 ) solution (0.0662 g K 2 S 2 O 8 in 100.00 mL distilled water). This solution was stored in the dark for 16 h. Before use, it was diluted with water to produce an absorbance of 0.7 ± 0.05 at 734 nm. Then, 100 µL of each diluted mulberry extract was mixed with a 3.80 mL aliquot of diluted ABTS radical solution. After 6 min, absorbance of each sample at 734 nm was recorded and compared to that from the calibrated Trolox standard. Results were expressed as mmol/g Trolox equivalents.
Antioxidant capacities determined by DPPH radical scavenging activity assay
Free radical scavenging activity of the mulberry extracts was determined using a 1,1-biphenyl-2-picrylhydrazyl radical (DPPH) scavenging protocol described by Ren [28] and Lai. [29] Three milliliters of 0.2 mM freshly prepared DPPH solution was mixed with 3 mL of mulberry extract, and 3 mL of methanol, and stored in the dark for 30 min. Then, absorbance at 517 nm was measured in triplicate. Known concentrations of ascorbic acid were used to establish a standard curve, and DPPH scavenging capacity was quantified with ascorbic acid.
Antioxidant capacities determined by the ferric reducing antioxidant power (FRAP) assay
Total antioxidant capacities were assessed using the FRAP assay as described by Fu. [27] Briefly, 100 mL of 300 mM acetate buffer (0.1870 g of CH 3 COONa, 1.60 mL of CH 3 COOH, and distilled water, pH 3.6), 50.00 mL of 10 mM TPTZ solution (0.1562 g TPTZ in 40 mM HCl), and 50.00 mL of 20 mM FeCl 3 ·6H 2 O solution (0.2705 g FeCl 3 ·6H 2 O and 50.00 mL distilled water) were mixed sequentially to produce a working solution of 10:1:1 (v/v/v). The working solution was incubated in a 37°C water bath before use. One hundred microliter aliquots of diluted mulberry extracts were mixed with 3.00 mL of working solution. After 4 min, absorbance was measured at 593 nm. Known concentrations of FeSO 4 ·7H 2 O were used to establish a standard curve, and FRAP antioxidant activity was expressed as mmol/mL ferrous sulfate equivalent (FSE).
Extraction of free phenolic compounds
Free phenolic compounds were extracted using methods described by Sun et al. [30] with minor modifications. Mixtures of 200 g of fresh mulberry fruits in chilled (4°C) 80% aqueous acetone (1:2, w/v) were homogenized in a Philips blender for 5 min in an ice water bath. Mixtures were then centrifuged at 6,000 µg for 8 min to separate solid and liquid phases. After filtering, residues were extracted again under the same conditions. Subsequently, supernatant fractions were collected and concentrated under vacuum at 45°C until almost dry. Concentrated extracts were reconstituted in 85:15 (v/v) methanol: H 2 O to a final volume of 50 mL, and stored at -80°C until analyzed.
Extraction of bound phenolic compounds
Bound phenolic compounds were extracted using methods described by Hartzfeld et al. [31] After hydrolyzing with 90:10 (v/v) methanol: sulfuric acid (1:3, w/v) for 20 h at 85°C, the residue mentioned above was neutralized with 10 M NaOH, and extracted six times with ethyl acetate. Organic solvents were collected and concentrated under vacuum at 35°C to dry. Dried extracts were reconstituted with 85:15 (v/v) methanol:H 2 O to a final volume of 50 mL, and stored at -80°C until analyzed.
HPLC-DAD-Q-TOF-MS/MS analysis HPLC analysis was performed according to a method proposed by Zhang et al. [32] The HPLC system was an Agilent 1260 series coupled to a Q-TOF MS with binary pump, hip sampler, column compartment, and DAD. Separation was performed at 30°C on a Zorbox SB-C 18 column with a flow rate of 1.0 mL/min, and an injection volume of 20 µL. Acidified water (0.4% acetic acid, v/v) and acetonitrile were used as mobile phases A and B, respectively. The DAD detector wavelengths were 260, 280, and 320 nm. A linear gradient was programmed as follows: 0-40 min, 5%-25% B; 40-45 min, 25%-35% B; 45-50 min, 35%-50% B, and finally, initial conditions were held for 5 min as a reequilibration step. Compounds were identified using a combination of MS and MS/MS data.
Results and discussion
TPC and antioxidant properties as assessed by FRAP, ABTS, and DPPH assays
The TPC of 276 mulberry juices ranged from 412.55 to 1,471.86 mg/L GAE in the original data. Frequency distributions of the TPC of 276 mulberry juices are presented in Figure 1 . Distribution was partially normal, ranging from 746.54 to 1,120.56 mg/L GAE in 68.12% of the total cultivars. "Tunche1" (Guangxi Province) had the highest TPC, followed by "pengzhen2" (Guangdong Province), "guoxuan04-129" (Guangdong Province) and "45-7" (Guangdong Province). "Kangxuan603" (Guangdong Province) had the lowest TPC among all mulberry cultivars tested.
The antioxidant capacities of the 276 mulberry juices varied from 37.90 to 361.75 mmol/mL FSE in the original data. The distribution of antioxidant capacities in the 276 mulberry juices is presented in Figure 2 . Distribution was almost normal. "45-7" (Guangdong Province) had the highest antioxidant capacity, followed by "qianshan3" (Guangdong Province), "98-1" (Guangdong Province) and "guox-uan04-129" (Guangdong Province). "Lunbai7" (Xinjiang Province) had lower antioxidant properties than most other mulberry cultivars tested. "Kangxuan603" ranked last, with 40.08 mmol/mL FSE.
Oxygen radical inhibition capacity (ORIC) is a measure of the antioxidant activity of mulberry juice. In these experiments, DPPH and ABTS analyses were used to evaluate the radical inhibition capacity of mulberry juice. The distributions of Oxygen radical inhibition capacity by the two methods are shown in Figures 3 and 4 . It can be seen in Figure 3 that the samples fit the normal distribution curve better when ORIC was measured using ABTS radical. ABTS radical inhibition capacity was close to 23% (near 130 μg Trolox/mL). "Anti-Selection-603" (Guangdong) was the worst (only 46.12 μg Trolox/mL) while the inhibition capacity of "42-3" (Guangdong) was the best (342.13 μgTrolox/mL). The results showed that even when geographical environment and climate conditions are the same, as well as planting technique, there remains a huge difference in ORIC between different varieties. Overall, ORIC values in the samples of Guangdong Province (<100% Trolox/mL) were no more than 10%. Figure 4 illustrates that the samples generally fit a normal distribution curve for capacity to inhibit distribution of DPPH radicals. Among these, DPPH free radical inhibition capacity was close to 38% (44~69 μg Trolox/mL). "Uguo 06-17" (Guangdong) had the best inhibition capacity (216.41 μg Trolox/mL), while "Lengbai 4" (Xinjiang) had the worst inhibitory capacity (7.3 μg Trolox/mL).
In previous studies, Yang et al. [9] investigated mulberry fruit at different stages of ripeness, and found that fully ripened mulberry fruit extracts contained the highest TPC. Here, the mulberry fruits tested were all mature, allowing meaningful comparisons of TPC levels among different mulberry cultivars. Zang et al. [33] presented the antioxidant capacities of 21 kinds of fresh fruit in terms of vitamin C equivalents. The results were as follows: mulberry ranked first, with 500.85 mg/100 g, followed by green plum (215.94 mg/100 g), black grape (152.59 mg/100 g), strawberry (144.46 mg/100 g), and black kiwi (115.27 mg/100 g). Mulberry fruit had extremely high antioxidant capacities.
In this study, we explored the TPC in 276 mulberry cultivars. TPC ranged from 746.54 to 1,120.56 mg/L GAE in 68.12% cultivars. In agreement with our results, Jiang et al. [34] measured the TPC of 10 kinds of mulberry juices (11.67 ± 5.13-690.83 ± 7.38 mg GAE/g), finding variation in the TPC of different mulberry juices. The TPC of mulberry juices varied considerably among the different cultivars. Merveet al. [35] observed considerable losses (25-50% loss) in the TPC of mulberry juice during the milling step of juice processing, compared with fresh fruit. In the milling step, the decrease in TPC might be related to enzymes (polyphenol oxidase, peroxidase, etc.) released by cell wall or membrane disruption, which catalyze oxidation and degradation reactions. [36] These experiments also demonstrate that fresh mulberry fruits have more potential polyphenols.
FRAP is a reliable method for measuring the antioxidant capacities of mulberry fruit [37] , and the antioxidant capacities of the fruit's TPC. Considerable variation exists in the antioxidant capacities of mulberry fruit. [38, 39] In general, mulberry juice containing high levels of phenolic compounds also had comparatively high antioxidant capacity (r = 0.68 [40] ). Although "tunche1" had the highest phenolic content (1,471.86 mg/L GAE), its antioxidant property was not outstanding, at only 147.21 mmol/mL FSE. "45-7", "qianshan3" and "guoxuan04-129" not only had high phenolic contents (1,278.71, 1,185.93 and 1,280.23 mg/L GAE, respectively) but also had high antioxidant properties (361.75, 353.77, and 346.80 mmol/mL FSE, respectively).
Thus, some mulberry fruits, like those of "45-7", "qianshan3", and "guoxuan04-129", may be excellent sources of phenolic compounds compared with other mulberry and fruit species mentioned by Zang et al. [33] and may be used to research the correlation between phenolic compounds and antioxidant capacities.
Correlation of mulberry juice properties with their province of origin
Analyses of the phenolic content of mulberry fruits of different cultivars from four provinces in China are presented in Table 1 . The coefficient of variation (CV) was highest for the TPC values of mulberry juices from Guangxi Province was (20.07%), followed by cultivars from Guangdong Province (19.42%). The CVs of the TPC values of cultivars from Xinjiang and Hainan Provinces were similar, at 16.93% and 16.41%, respectively.
FRAP analyses of the antioxidant properties of mulberry juices from different cultivars from each of four provinces are presented in Table 1 . Mulberry fruit cultivars from Guangdong Province had the highest CV for antioxidant properties (38.76%), followed by cultivars from Hainan and Guangxi Provinces. Cultivars from Xinjiang Province had the lowest CV. Variation in phenolic contents of mulberry fruits correlated significantly with cultivar and place of origin. [11] Hierarchical clustering analysis was performed using IBM SPSS Statistics (Version 19, SPSS). A dendrogram was constructed based on TPC and antioxidant properties. 276 mulberry juice samples were divided into two main groups, Group I = samples from Guangdong, Guangxi and Hainan Provinces, and Group II = samples from Xinjiang Province ( Figure 5 ). This indicates that the characteristics of samples from Xinjiang Province were different from those of the others.
Comparing TPC values and antioxidant properties between the two groups, revealed that Group I had much higher values than Group II.
All of these data indicate that TPC and antioxidant properties vary significantly among cultivars from different regions. Genetic and environmental elements can affect phytochemical production. Group I were all M. atropurpurea, while Group II, with low TPC values and antioxidant properties, were hybrids of M. atropurpurea and Morus alba. Xinjiang Province, which has a different environment than that in most other regions in which mulberries grow, has a higher latitude and a larger difference between day and night temperatures. Mulberries may have developed drought resistance to adapt to long term cultivation in this environment. [41] Because growth conditions were the same for all mulberry cultivars tested, the varietal differences may be attributed to genotype, rather than environmental factors. [42, 43] This provides basic data for further studies on relationships between polyphenols and genotype.
Correlation analyses
The linear relationships of TPC values with FRAP, DPPH, and ABTS data are shown in Table 2 . Due to the variety of species in the sample, and the differences in climate, data correlations were different in different assays. Compared with FRAP and DPPH, the relative relationship between TPC and ABTS is strongest, with an R 2 of 0.6832, FRAP was second (R 2 = 0.6788), and DPPH was lowest (R 2 = 0.5299). Studies have shown that polyphenols make a great contribution to the antioxidant capacity of mulberries. However, the lowest correlation is between TPC and DPPH, indicating that there may be other substances in the mulberry fruit that affect DPPH free radical scavenging (inhibition). Overall, the correlation between TPC and the other three data types fluctuated more, reflecting that polyphenols are the main and most important antioxidants in mulberries.
Characterization of phenolic compounds by HPLC-DAD-Q-TOF-MS/MS
HPLC-DAD-Q-TOF-MS/MS analysis was carried out to identify the phenolic constituents in the representative mulberry cultivar Da10. This method can not only separate and detect phenolic profiles, but also provide positive, reliable compound identifications. [44] In this study, 27 individual compounds, including 9 phenolic acids (A1-A9), 14 flavonoids (B1-B14), and 4 coumarins (C1-C4) were detected in free and bound fractions of "Da10" (Table 3 ). Only three free phenolic compounds, 4-Methoxybenzenepropanol1-(2-sulfoglucoside), 9,10-dihydroxy-12,13-epoxyoctadecanoate, and luteolin6-C-glucoside 8-C-arabinoside, were found in "Da10". Twenty-four bound phenolic compounds were identified. Thirteen of these (54.17%) were flavonoids. The present work revealed that "Da10" contains a great variety of phenolic compounds, and flavonoids are the most abundant. There were also more kinds of bound phenolic compounds than free phenolic compounds.
Conclusion
TPC values and antioxidant capacities were determined in a significant number of mulberry varieties. To our knowledge, this is the largest study of polyphenols in mulberry juices. The TPC and antioxidant capacities of mulberry juice varied widely among cultivars. Based on hierarchical clustering analysis, the mulberry fruit cultivars tested in this study fell into two main groups. Group I, those from Guangdong, Guangxi and Hainan Provinces, which were characterized by high TPC values and antioxidant capacities, and Group II, those from Xinjiang Province, which were characterized by low TPC values and antioxidant capacities. The reasons for variation in the content of phenolic substances and antioxidants in mulberry juices were diverse. First is genetic differences. Planting conditions, climate, and latitude also affect the content of polyphenols, which in turn affects antioxidant properties. According to these results, a planting environment with sufficient sunshine, little temperature difference between day and night, and sufficient water in the soil strongly promote increased antioxidant activity. HPLC-DAD-Q-TOF-MS/MS, a powerful analytical technique, was used to analyze the phenolic compounds in "Da10". In total, 27 individual compounds were identified. Most of these were flavonoids. Thus, mulberry fruit cultivars like "45-7", "qianshan3" and "guoxuan04-129", which were rich sources of phenolic compounds and had high antioxidant capacities, could be selected for industrial production of phenolic-rich juices. The results of this study support further research on mulberry fruit for human food and healthcare industries. 
